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Abstract

A workshop on the Thermophysical Properties ofAmmonia/Water Mixtures was held in Boulder, Colorado

on June 26, 1 996. The purpose of this Workshop was to gather together representatives of industry who have

an interest in ammonia/water as a working fluid in various processes, with representatives of governmental

agencies who are concerned with these technologies. Major objectives of the meeting were to determine the

thermophysical properties required to advance technologies based on this mixture as a working fluid and to

establish a mechanism for obtaining the required data and models. Staff members from the host National

Institute of Standards and Technology division and representatives from industry reported on current activities

in this area as well as future needs. The consensus conclusion was that accurate thermodynamic, transport,

and kinetic properties are needed over broad ranges of temperature, pressure, and composition, and that a

suitable process must be implemented to ensure that accurate experimental data and models will be available

in the shortest possible time.
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Introduction

The National Institute of Standards and Technology (NIST) is the principal U.S. government agency with a

mandate from Congress to provide scientific and technological assistance to industry. This responsibility includes

the development of standard reference data for fluid systems of industrial importance, an activity in which NIST
has been involved for more than 40 years. Pure steam (water) and ammonia have been subjects of extensive

research at NIST, and the ammonia/water system has recently received attention as a working fluid for thermal

power cycles. In addition to its importance in potential power plant applications, accurate properties data for

ammonia/water mixtures are important when this binary fluid is used as the working fluid in other processes, such

as absorption refrigeration cycles.

The Physical and Chemical Properties Division (formerly the Thermophysics Division) ofNIST has been involved

in a project (funded by the Department of Energy, Geothermal Division) to help to establish standard reference

data for the thermophysical properties ofthe ammonia/water binary fluid system over a restricted range of interest

for geothermal power cycles. In particular, we are investigating properties in the temperature range from 280 to

450 K (44 to 350 °F), with a maximum pressure of 3.5 MPa (500 psia), and with compositions in the range 0.8

to 1.0 ammonia (mole fraction
1

). This project involves the evaluation of literature data, experimental

measurements, and the development ofmodels for the thermodynamic and transport properties over these ranges.

More general application of ammonia/water working fluids requires standards and properties data over a much
larger region of the phase diagram. A Certified Research Need established by the International Association for

the Properties of Water and Steam (IAPWS-ICRN) indicated a broad industrial interest in properties for this

system at temperatures up to 866 K (1 100 °F), at pressures to 34.5 MPa (5000 psia), and for the complete range

of compositions. These ranges have been substantiated through NIST interactions with industry. Accurate

properties data over these ranges are needed to design, evaluate, and optimize power plants using ammonia/water

mixtures as the working fluid.

With these considerations in mind, the major objectives of the Workshop were:

(a) to present the current status of thermophysical properties data and models for the

ammonia/water system,

(b) to identify existing research facilities and capabilities for studies of the thermophysical

properties of the ammonia/water system,

(c) to identify industrial needs (priorities, properties, ranges, accuracy, etc.) for the

thermophysical properties of the ammonia/water systems, and

(d) to develop a plan to provide the data and models to satisfy industrial needs.

Because the molar masses of water and ammonia are so close, the distinction between molar concentration and mass

concentration is not important for the current discussions.
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Presentations were made by NIST staff and representatives from industry and other government agencies to

achieve these goals. However, an important part of the Workshop involved informal discussions among the

Workshop participants in developing a plan to provide industry with the essential property information required

for processes using ammonia/water mixtures as the working fluid. This report serves as a summary ofthe content

and discussions of the Workshop. The presenters have kindly agreed to allow copies of their transparencies to

be included in this document. Several attendees of the Workshop from NIST were asked to record certain portions

of the discussions, and their notes were used to provide some of the content of this report. Although a consensus

was achieved in the identification of priorities, ranges, required tolerances, etc., this report summarizes the

opinions and interpretation of the authors and does not imply endorsement by any other attendees of the

Workshop.

Workshop Participants and Agenda

The list of workshop attendees, including contact addresses and phone numbers, is given in Appendix A. A
representative was present from each ofthe major domestic industrial concerns that have been identified as having

a strong interest in ammoniaAvater mixtures for power generation. The final meeting agenda, as distributed at the

Workshop, is included as Table 1.

Workshop Presentations

W. M. (Mickey) Haynes (NIST): Opening Remarks

W. M. Haynes opened the program by presenting an overview of the activities and responsibilities ofNIST with

respect to thermophysical properties research. The presentation included some historical perspective about the

activities in this area, illustrated the broad scope of the research, focussed on particular programs analogous to a

projected program on ammonia/water properties, and discussed the ongoing work on this fluid. He anticipated

the later discussions on the experimental and modeling aspects of a program on ammonia/water properties and

summarized the goals and format of the Workshop. Copies of the transparencies used in this presentation are

included in Appendix B of this report. The Certified Research Need on ammonia/water properties developed by

the International Association for the Properties of Water and Steam was one topic of discussion; this document

is included in its entirety as Appendix C.

M Tribus (Exergy): Status ofProjects using Ammonia/Water Mixtures

The discussion concerning the industrial perspective on ammoniaAvater mixtures was opened with a presentation

by M. Tribus; notes prepared by Dr. Tribus are included in Appendix D.
2 M. Tribus spoke of the existing

System 1 facility which has operated for more than 4000 hours in a 3.2 MW bottoming cycle plant, as well as

plans for facilities based on combined cycles, direct fired, geothermal, and waste incineration. He described the

computer program WATAM for ammonia/water properties and a joint project with the Russian Academy of

Sciences to make additional measurements. (A summary of this work by Baranov et al. is included as Appendix

E of this report.) In addition, heat transfer studies and research on the condensation itself are being conducted;

tests of the effects of impurities (on corrosion, in particular) are part of the Canoga Park project, and further

* Except where attributed to NIST authors, the content of individual sections of this volume has not been reviewed or

edited by the National Institute of Standards and Technology. NIST, therefore, accepts no responsibility for comments or

recommendations therein. The mention of trade names in this volume is in no sense an endorsement or recommendation by the

National Institute of Standards and Technology.
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information on decomposition, in addition to stability tests, is required. During the discussions, it was noted that

properties for mixtures with ammonia concentrations as low as 0.3 are required at moderate temperatures for

pressures in the range 0.7 to 1 MPa (100 to 1 50 psia) in the distillation/condensation subsystem (DCSS); for the

supercritical stages of the cycle, ammonia concentrations near 0.85 are used with an upper temperature limit near

894 K ( 1 1 50 °F) at pressures to 20.68 MPa (3000 psia).

Table 1 . Agenda.

Workshop on

Thermophysical Properties of AmmoniaAVater Mixtures

Physical and Chemical Properties Division

National Institute of Standards and Technology

325 Broadway, Boulder, Colorado

Wednesday, June 26, 1996

8:30 a.m. Opening Remarks
- Mickey Haynes, NIST

9:00 a.m. Industrial Perspective

Status ofProjectsUsing Ammonia/Water Mixtures

- Myron Tribus, Exergy, Inc.

Fluid Properties Requirements ofKalina Cycle for Direct Coal-Fired Plants

- Frank Gabrielli, ABB Power Plant Laboratories, Combustion Engineering, Inc.

Fluid Property Needsfor Geothermal Power Cycles

- Jeff Hahn, U.S. Department of Energy, Golden Field Office

Property Needs for Absorption System

- Abdi Zaltash, Oak Ridge National Laboratory

The Importance ofStandardized Data on Ammonia/Water Mixture Properties for Economical Design and

Operation ofKalina Combined Cycle Power Generation Systems

- Bijan Davari, General Electric, Power Generation Engineering

10:20 a.m. BREAK

10:40 a.m. Status of Data and Models for AmmoniaAVater
- Dan Friend, NIST

1 1 :30 a.m. LUNCH

1:00 p.m. Overview of Experimental Capabilities at NIST
- Mark McLinden, NIST

1 :45 p.m. Lab Tour

Calorimetry - Joe Magee

Thermal Conductivity, Viscosity - Rich Perkins

2:30 p.m BREAK

2:40 p.m. Summary of Research Facilities/Capabilities for AmmoniaAVater

-Mickey Haynes/Dan Friend. NIST

3:00 p.m. Discussion/Planning Session

4:30 p.m. Adjourn
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F. Gabrielli (ABB Power Plant Laboratories): Fluid Properties Requirements ofKalina Cyclefor Direct Coal-

Fired Plants

F. Gabrielli focussed on the direct-fired technology; copies of his transparencies are included as Appendix F. He
noted the predicted 10 to 20% increase in efficiency projected for the Kalina cycle plant compared to a

conventional Rankine plant. The fluid composition of interest ranges from 35 percent (at low pressures and

temperatures) to about 90% ammonia. The pressure ranges from about 0. 1 MPa ( 1 5 psia) to 1 8.4 MPa (2700 psia)

with temperatures from ambient to about 811 K ( 1 000 °F). The properties of greatest interest to this technology

include heat capacity (or enthalpy), surface tension, viscosity, thermal conductivity, and density.

J. Hahn (U. S. Department ofEnergy): Fluid Property Needsfor Geothermal Power Cycles

J. Hahn addressed the requirements for ammonia/water systems related to geothermal power technology; copies

of his transparencies are included in Appendix G. There was a discussion of the role of the federal government

and the Department of Energy in the continuum from research through development and into commercialization

of a technology. The competitive process which has led to support for the Kalina cycle was described, and it was

noted that most applications in this area are for temperatures less than 450 K (350 °F). Better thermophysical

property estimates will allow improved condenser design and will lead to optimization of the mixture ratios used

in the cycle.

A. Zaltash (Oak Ridge National Laboratory) : Property Needsfor Absorption Systems

A. Zaltash spoke about properties for ammonia/water mixtures as required for absorption refrigeration

applications; copies of his transparencies are included in Appendix H. In particular, work related to the Hi-Cool

program (gas driven system generally using waste heat and for use in southern climates) and generator/absorber

heat exchanger (GAX) technology (heat pumps, generally used in northern climates) was discussed. A summary

of available experimental data and various correlating equations was presented. When different property

formulations were used in a cycle simulation, differences of 5 to 6% and up to 10% in the coefficient of

performance were calculated. Properties of main interest were the vapor-liquid equilibrium, enthalpy, viscosity,

thermal conductivity, and density over the full composition range with temperatures from 233 to 561 K (-40 to

550 °F) with an upper pressure of 8 to 10.3 MPa (1200 to 1500 psia). There is some interest in the location of

the solid line and in corrosion inhibitors which can be used in the mixture.

B. Davari (General Electric Power): The Importance of Standardized Data on Ammonia/Water Mixture

Propertiesfor Economical Design and Operation ofKalina Combined Cycle Power Generation Systems

B. Davari addressed the issues of concern to combined cycle applications. Much of this material was previously

discussed by B. Davari’ s colleagues at the recent Power-Gen Europe ‘96 conference; the report by Bjorge et al.

is included as Appendix I. It was noted that when property calculations were done using the WATAM computer

program, efficiency increases of 2.5 to 5 percent (depending on the heat source) were found when comparing the

Kalina cycle to a Rankine process using the same heat source. The ranges of the variables for the heat recovery

vapor generator (HRVG), the vapor turbine (VT), and the distillation/condensation system (DCSS) were

discussed. For the HRVG and VT, data are required for ammonia concentrations from 0.7 to 0.85 (outside of

the vapor-liquid equilibria zone) with temperatures in the range of 320 to 867 K (1 16 to 1100 °F) and pressures

in the range of 1 to 22 MPa (150 to 3200 psia). For the distillation/condensation unit, more modest temperatures

and pressures are found, but the composition range extends from 0.45 to 0.95 ammonia. The sizing issues
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involved in the design of the system are critically dependent on the mixture properties; some of the key properties

required are sound speed, entropy, and enthalpy.

D. Friend (NIST): Status ofData and Modelsfor Ammonia/Water

D. Friend reported on the bibliographic and modeling activities which have been underway at NIST; copies of

his transparencies are included as Appendix J. He pointed to several previous studies of the system and

summarized the available experimental data and regions in which the data are sparse or nonexistent. He described

the models available for the critical region as well as efforts based on classical extended corresponding states

models and an alternative two-fluid Helmholtz energy model for use over broader regions of the phase diagram.

Some comparisons between experimental data and the models were given, and the large uncertainty in the

extrapolation region for the heat capacity was noted. Three papers, describing the data situation, a preliminary

thermodynamic formulation, and properties in the critical region, are nearing completion.

M. McLinden (NIST): Overview ofExperimental Capabilities at NIST

M. McLinden discussed the experimental facilities available at NIST and how they might be brought to bear on

the data requirements for the ammonia/water mixtures; copies of his transparencies are included as Appendix K.

The types of property measurements that can be carried out at NIST include vapor-liquid equilibrium (VLE),

surface tension, viscosity, isochoric heat capacity, enthalpy, density (PVT), thermal conductivity, thermal

diffusivity, and sound speed. The high temperature (to 523 K) twin-cell calorimeter, VLE equipment, and

transient hot-wire apparatus (thermal conductivity) have been used for ammonia/water measurements over limited

ranges oftemperature, pressure, and composition. Questions related to materials compatibility, sample handling,

and safety have been resolved with respect to an experimental program for the mixture. Modifications to some

of the apparatus, to further increase the temperature range, may be feasible at modest cost; new equipment would

be required to fully cover the interests in ammonia/water properties.

Laboratory Tours: Calorimetry and Transport Properties

The Workshop attendees were divided into two groups to visit some of the laboratory facilities at NIST to discuss

experimental details with the staff researchers. J. Magee described the calorimetry program. The twin-cell

calorimeter (see Figure 1 ) is used to measure isochoric heat capacities; the reference cell is used to minimize the

effects of parasitic heat loss during the measurements. The total enthalpy (flow) calorimeter directly measures

the enthalpy difference between two state points in a steady-state flowing system. R. Perkins showed the

apparatus available for transport property measurements. The hot-wire thermal conductivity cells are normally

run in a transient mode in which a pulse of heat is generated in a long thin wire (which approximates an infinite

line source of heat) which also acts as a thermometer in the determination of thermal conductivity; see Figure 2.

In addition to the new vibrating wire viscometers, a capillary viscometer and two quartz-crystal viscometers are

used to measure fluid viscosity.

W. M. Haynes and D. Friend (NIST): Summary ofResearch Facilities and Capabilities for Ammonia/Water

Measurements

W. M. Haynes and D. Friend presented a summary of their findings concerning laboratory facilities which may

be available for the determination of ammonia/water thermophysical properties, especially in the region of high
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temperatures and pressures, where the lack of data is a very serious concern; copies of their transparencies,

containing a list of such facilities, are included as Appendix L. Although the list is extensive, it may not be

complete; the information was gathered from the literature and our familiarity with other laboratories engaged in

thermophysical property measurements. We were able to contact directly many of the researchers included in

order to determine interest and capabilities in this area; for other listings, we have not collected any further

information concerning current activities. During the discussion of this item, it was noted that Prof. Keller of

Siegen, Germany, the laboratories of Professor Teja at the Georgia Institute of Technology, Dr. Simonson at Oak

Ridge National Laboratory (for heat capacities), and Dr. Vladimir Meyer at the Pascal Laboratory in France might

be useful contacts. Among the laboratories which were contacted, several expressed an interest in joining an effort

to improve the data situation for ammonia/water mixtures. However, in essentially every case, apparatus

limitations (in temperature, pressure, or materials compatibility), prior commitments, and financial constraints

would not allow an immediate measurement program of the required scope. It may be feasible and appropriate

to include some of these laboratories in a large-scale coordinated effort to provide adequate data and coverage.

Discussion and Planning Session

During the discussion sessions, several technical points concerning the existing data, thermodynamic models, and

experimental procedures were brought up. It was noted, during this discussion, that the zero points ofthe enthalpy

and entropy of the mixture system were essentially fixed by the choices made for the pure fluid properties: for

water, the internal energy and entropy of the liquid at its triple point are assigned a value of zero; for ammonia,

the zero of energy is taken as that of the ideal gas at 0 K and 0.101 325 MPa ( 1 atm). Different conventions are

quite common—for refrigerant systems, the American Society of Heating, Refrigeration and Air Conditioning

Engineers (ASHRAE) sets a zero at -40 °C at saturation while the International Institute of Refrigeration uses

0 °C for its fixed point.

There was some discussion of the dynamic feedback process used to develop standard thermophysical property

formulations. In the course of a comprehensive program to establish standard reference property surfaces, the

experimental and modeling aspects are often conducted simultaneously. As new property data are obtained,

interim correlations are improved; typically, an annual update is made to the computer models. As the models

are further developed, shortcomings in the data situation (including gaps in the data, inconsistent data, suspect

data) may be identified; the experimental data acquisition program is then modified to address these problems.

The research effort on the properties of air was again used as an analogy for a projected 4 to 6 year comprehensive

program on ammonia/water properties; during that effort, the regular, but preliminary, results proved beneficial

to the sponsoring organizations.

The interests of the major participants in a program to develop standard reference data for the ammonia/water

binary system were summarized. In addition to the direct commercial interests, the Department of Energy, the

Electric Power Research Institute, and the National Institute of Standards and Technology are very important for

this project. Some bilateral projects in this area already are in progress among these parties. It was noted that

although the geothermal areas within the Department of Energy may have already obtained their required data,

other programs within the Department retain an intense interest in the subject. Finally, the very stringent time

constraints faced by the attendees were discussed. In some cases, engineering design studies must be completed

in the very near future, to maintain the required schedule; critical thermophysical property data required for this

process are simply not currently available.

The question of specific industrial needs was then considered. In particular, it was noted that stability studies and

the kinetics of the related chemistry still require some effort. This is described in the IAPWS CRN included

above. Some research efforts concerning catalysis are underway in Japan; questions concerning

inhibitors—chromates and molybdates—still should be addressed. Despite these concerns, however, a statement
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was made that a plant could be built now, but property data are required for design optimization and for

guarantees. There was a consensus that the mixture should be studied over the entire composition range. The

current temperature range of interest is 233 to 895 K (-40 to 1150 °F) with pressures to 22 MPa (3200 psia) with

the possibility of increasing to about 25 MPa (3600 psia) in the near future. This is somewhat less than described

in the ICRN, which seeks information to pressures of 34.5 MPa. It was emphasized that the turbine inlet region

encounters both high pressures and high temperatures, so that the pressure maximum is not relaxed at the higher

temperatures.

Specific properties of interest include the surface tension (for design of two-phase condensers), as well as PVT
(density), VLE, isochoric and isobaric heat capacity, enthalpy, entropy, and sound speed. It was noted that a

Helmholtz energy formulation can be used to obtain all of these quantities in a completely self-consistent manner

provided that sufficient accurate experimental data are available. Also, the sound speed may be most closely

related to direct entropy measurements. In addition, information on the thermal conductivity and viscosity are

required for design work.

It is difficult to determine precise uncertainty requirements for properties; however, the following estimates were

established by consensus; these estimates considered both the capabilities of various apparatus at NIST and the

true needs for plant design and optimization. In general, industrial needs can be satisfied by the experimental

uncertainty that can be achieved currently. For the densities, uncertainties from 0.1 to 0.2% are desirable; for the

heat capacities, C v and C p , 0.5 to 1% is adequate; for sound speed, an uncertainty of 0.05% is appropriate. For

the vapor-liquid equilibrium properties, an uncertainty of 0.1% in pressure for well defined mixtures is feasible.

Composition measurement is difficult (because the ammonia escapes), and boric acid titration was used in the

Cornell University studies. Also, current mixture thermodynamic models may have difficulty achieving these

accuracies over the broadest range of independent variables. The interfacial tension (surface tension) can have

uncertainties ranging from 0.1 to 0.5 mN/m; this is strongly dependent on the composition. There is some

question whether a dynamic or equilibrium determination of the interfacial tension is more appropriate. For the

transport properties, an uncertainty of 1% in the thermal conductivity and 2% in the viscosity can be expected.

For a typical application, a guarantee of 0.5% in the turbine performance requires knowledge of the mass flow

and energy flow ofthe process stream; an agreed-upon formulation for the properties of the mixture must be used

in such situations. The uncertainties in the transport properties are generally much better than those obtained in

the heat transfer calculations. Independent studies of the heat transfer, including the turbulent regime, may be

required. In addition, mass diffusion (Soret effect) may also play a factor in later stages of the design work. In

Table 2, we summarize the discussion of property needs and uncertainties. Greater errors may be tolerable during

the next few years; however, as the technology is further developed, the uncertainty requirements will be refined

during this period.
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Table 2. Summary of property needs for ammonia/water mixtures.

Ranges of conditions:

Composition full range

Temperature 233 to 895 K -40 to 1 1 50 °F

Pressure to 22 MPa to 3200 psia

(future need to 25 MPa to 3600 psia)

Thermodynamic properties (from Helmholtz energy formulation):

Property Uncertainty

PVT (density) 0.1 -0.2%

VLE (phase equilibria) 0.1% in P, 0. 1% in composition

Isochoric heat capacity 0.5 - 1%
Isobaric heat capacity

Enthalpy

0.5- 1%

Entropy

Sound speed 0.05%

Transport properties:

Thermal conductivity 1%
Viscosity

Mass diffusion (future need)

2%

Other properties:

Surface tension

Stability; kinetics

Catalysis

0.1 to 0.5 mN/m
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Conclusions

There was a strong consensus that thermophysical properties are vitally important in the design stages of power

plants based on ammonia/water working fluids. For this purpose, accuracy requirements are not stringent, but

current information that is required to make some of the critical design decisions is missing. As the technology

matures, better thermophysical property models will be required to improve and optimize the designs. Although

no clear mechanism was identified to establish the required data base, steps toward this process have now been

taken. In particular, it will require additional effort to achieve satisfactory funding. Many of the participants in

the Workshop gave a general commitment to work together to achieve the desired goals. They intend to work

together on funding options, to maintain communication concerning research results and requirements, and to

meet again, as appropriate, to re-assess the status of properties work on the ammoniaAvater binary mixtures.
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Figure 1. Schematic of twin-cell calorimeter.



Control RTD

Figure 2. Schematic of transient hot-wire thermal conductivity apparatus.
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IAPWS Certified Research Need - ICRN

Thermophysical Properties of

Ammonia-Water Mixtures

The IAPWS Working Group - Thermophysical Properties of Water and Steam

has examined the published work in the area of the thermodynamic and

transport properties of ammonia-water mixtures required for accurate system

design of power plants and has found that the existing information is deficient in

a number of respects.

The available information is not sufficiently accurate and comprehensive to

permit:

(a) the evaluation of the performance of power plants now under

construction and soon to be constructed,

(b) the optimization of the economic performance of power plant

systems and the proper economic sizing of components, and

(c) the design, operation, and calibration of control systems used to

monitor and control power plants which use ammonia/water
mixtures as their working fluids.

Although encouraging this work, IAPWS is not able under its statutes to provide

financial support. The IAPWS contact can provide any further development
information and will liaise between research groups.

Issued by the

International Association for the Properties of

Water and Steam

President: J.R. Cooper
Queen Mary and Westfield College
London El 4NS England

Executive Secretary: Dr. R.B. Dooley
Electric Power Research Institute

Palo Alto, California 94304 USA
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IAPWS Certified Research Need - ICRN

Thermophysical Properties of

Ammonia/Water Mixtures

Background:

For over a century, power plants have been in service utilizing water as their

working fluid. In recent years, accurate formulations of the thermophysical

properties of steam (enthalpy, entropy, density, temperature, pressure, thermal

conductivity, viscosity) have been developed with international cooperation

through IAPWS. These formulations and the steam tables derived from them are

used in the design and testing of turbines, boilers, condensers, heat exchangers,

pumps, and other equipment. These steam properties are also used by system

designers to specify the performance of the components which make up a

modern power plant. The properties are also required by the owner at the time

the power plant is accepted to check the performance guarantees and to monitor

the performance of the system over time, particularly for degradations in

efficiency.

Validated thermophysical properties are also required for calculations concerning

the safety of power plants. Various control equipment is designed to shut power
plants down when operating parameters exceed the specified criteria. These
conditions are determined on the basis of measurements which, in turn, are

interpreted with the aid of the steam tables.

Steam turbine power plants costing as much as a billion dollars are bought and
sold with guaranteed performance quoted to within 0.25%. In many cases,
performance is warranted with the possibility of substantial liquidated damages
being paid for failure to meet warranties. Whether the seller is liable for these
damages depends upon measurements which, in turn, are again interpreted with

the aid of steam properties.

Recent developments indicate that improved thermodynamic performance can be
obtained from power plants if the present working fluid, water, is replaced by a
mixture of ammonia and water. The mixtures used cover the entire range of

compositions, from 0 to 100% ammonia. The cycle is described in "Development
of the Adjustable Proportion Fluid Mixture Cycle" by C.H. Marston (Mechanical
Engineering, Vol. 114, No. 9, Sept. 1992, p. 76-81). The best known such cycle

is the Kalina Cycle.

In addition to their importance in potential power plant applications, accurate
properties data for ammonia/water mixtures are also important for use in the

design and operation of absorption refrigeration systems.

var
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1. The Range of Thermodynamic Properties Required

The applications of ammonia-water mixtures in power plant design include very

high temperature systems, as occur in the use of coal in "direct fired" power
plants (866 K) to more modest temperatures, such as those in nuclear reactors

(644 K), and relatively low temperatures in geothermal and industrial waste heat

systems (373-473 K). The pressures used may vary from feed pump delivery

pressures of 34.5 MPa down to condenser pressures of 0.002 MPa.

For every combination of pressure, temperature, and mass fraction of ammonia,
it is necessary to have values of the specific enthalpy, entropy, and density.

Because of the importance of boiling and condensation phenomena in these

cycles, it is also essential to have good information on the surface tension of

ammonia-water mixtures.

2. The Range of Transport Properties Required

The proper design of turbines and pumps together with the design of heat

exchangers requires in addition to the thermodynamic properties, good
knowledge of the viscosity and thermal conductivity of ammonia-water mixtures

over the complete range of temperatures and pressures cited for thermodynamic
properties.

3. Stability of Ammonia-Water Mixtures

The constituents of ammonia-water mixtures will decompose significantly at high

temperatures. The effect of different construction materials as catalysts has not

been established.

Ammonia decomposition is heterogeneous, that is, it is enhanced by contact with

a heated surface and occurs near the walls of a flow stream. It is desirable to

operate the equipment at as high a temperature as possible. Therefore, there is

a need to characterize the catalytic nature of different materials which may be of

interest in high temperature plant components (superheaters, for example).

4. Previous Work and Current Studies

An important bibliography of experimental work on the ammonia-water system
was published in 1986 by the U.S. National Bureau of Standards (predecessor to

the National Institute of Standards and Technology - NIST): NBS Special
Publication 718 — Bibliographies of Industrial Interest: Thermodynamic
Measurements on the Systems C0 2-H 20, CuCI 2.H 20, H 2S04.H 20, NH3-H20,

H 2S-H 20, ZnCl2-H20, and HhPC^-l-bO, by B.R. Staples et al. This report and an

experimental study by Gillespie et al (AlChE symposium Series, 256; Vol. 83,

1987: Vapor-Liquid Equilibrium Measurements on the Ammonia-Water
System from 313 K to 589 K) were sponsored by the Design Institute for

var
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Physical Property Data of the American Institute of Chemical Engineers. The
1964 report of the U.S. Institute of Gas Technology (Research Bulletin No. 34;

Physical and Thermodynamic Properties of Ammonia-Water Mixtures, by

Marcriss et al.) presents tabulated thermophysical properties for the water-rich

system up to about 500 K and for the ammonia-rich fluid up to 390 K.

Among the more recent studies, the article by Smolen et al. (Vapor Liquid

Equilibrium Data for the NH3-H20 System and Its Description with a

Modified Cubic Equation of State, J. Chem. Eng. Data 36; 202, 1991) can be
cited. In this paper, as well as many others, an attempt to describe the system
with a simple (i.e. cubic) thermodynamic surface is made. It is noted throughout

the literature there is a concentration on VLE data (to the near exclusion of

single-phase properties). Finally, it is also noted that even the VLE data exhibit

large inconsistencies when comparing the results of different studies.

Current work is underway at NIST to begin the development of standard

reference thermophysical properties for the ammonia-water system for

geothermal applications. It is necessary that any mixture of thermodynamic
surface must reduce to a water formulation such as that of IAPS 84 and to an
ammonia surface for instance (Haar and Gallagher, Thermodynamic Properties

of Ammonia, J. Phys. Chem. Ref. Data 7; 635, 1978) for the pure components.
The theoretical models being examined include scaled equations in the region of

the critical locus for VLE calculations and extended corresponding states

algorithms to calculate mixture properties. The work at NIST includes a limited

measurement program to resolve the major discrepancies in the experimental

VLE database and to supply selected data over limited ranges where none are

currently available. These new data will have a major impact on the development
of standard reference models for applications in the range of geothermal power
cycles. Additional funding, as well as collaboration with other domestic and
international groups, will be required to achieve a definitive study of the

ammonia-water system. The NIST program does not currently address the

questions concerning surface tension or the stability and catalysis issues which
are also extremely important.

IAPWS Contact: W.T. Parry

General Electric Company
Steam Turbine Design & Development
1 River Road, Building 55 - Room 169
Schenectady, New York 12345 U.S. A.

Telephone: 518-385-0577
518-385-1504

June 1994

June 1997

&

Fax:

ICRN Issue Date:

ICRN Expiration Date:
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Notes for presentation at Boulder

Status of our technological development: Several

systems have been developed. There is no single Kalina

cycle. Rather there is a family of cycles, each designed to

meet a particular need.

System 1 has been built and operated for several years at

Canoga Park. It is now being modified by the addition of a

small gas turbine. Heretofore we have used hot gases from

the SETI tests at ETEC. However, they have come to an end

and we need to be self sufficient. This small 8 MW combined
cycle plant will have an efficiency which will exceed that of

many existing large plants.

Here is a run down on the status of our current designs.

Cycle and
Licensee

*n # Comment

Combined
Cycle (GE)

59% 2 Using GE 9FA engine

Direct Fired

(ABB) Subcrit

Supercrit

(net)
45%
47%

1 Cycle efficiency =

52%.

Geothermal
( Ansaldo)

1 .2x
2 x

4 Multiples of Rankine

Waste
Incineration
(Ebara)

1 .35x 1 Multiples of Rankine

X - Ratio Kalina/Rankine efficiencies in same boundary
conditions.
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Because of the number of projects in development, there is

great interest in the properties of Water-Ammonia

mixtures. We have developed our own computer program,

WATAM, over a period of about 16 years. We have

checked it against all the experimental data we could find

and have used the best we knew to extrapolate into regions

where there are no properties. We recently contracted

with the Russian Academy of Sciences to make more

measurements. A copy of their summary report is

available at this meeting.

We are also conducting studies of heat transfer. As we
attempt more and more detailed analysis of our data, the

properties of mixtures will be crucial.

We hope that this work will be expanded. The promise of

the Kalina cycle for fuel saving, pollution reduction, cost

reduction and flexibility is very great. As more people

become involved, the potential savings in cost and time

provide a very strong basis for this research.
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The investigation of ammonia - water gas and liquid mixtures

properties.

*Baranov A.N., *Churagulov B.R., Kalina A.I., **Sharikov F.Yu.. ***Zharov A. A..

**** Yaroslavtsev A.B.

*Lomonosov Moscow' State University, **St.-Peterburg State Universtn, ***Zelinskr

Institute of Organic Chemistry Russian Academy of Sciences, ****Higher Chemical College

Russian Academy of Sciences.

Correct knowledge of the thermodynamic properties of ammoma-water mixtures is very

important for the fruitful operation of the power generation Kalina cycle [1]. The specific volumes

of NHrH 20 liquid and gaseous solutions plays a key role on the calculation of these properties.

Unfortunately the knowledge of gas mixture properties at the high temperatures and pressures is

scanty. The known data on the compressibility of liquid solutions is of low accuracy. The main

purpose of this work was to investigate the volumetric and some of the calorimetric properties of

ammonia-water liquid and gaseous solutions.

I. Specific volume of gas_ mixtures.

Ammonia from a gas cylinder 1 (Fig. 1) was distilled in the corrosion-proof steel vessel 2.

which was cooled by dry ice. Then vessel 2 was cooled by liquid nitrogen and the frozen ammonia

was evacuated. The procedure was repeated as many times as traces of gaseous ammonia remained

in the system. Then ammonia from gas cylinder 2 under its own pressure was supplied into the

amalgamator intermediate device 3 and water was also transferred in the intermediate device 3 with

the help of pump 16. The mixture under a pressure of 8-12 at was then manually stirred and

supplied into the PVT cell.

The PVT cell was evacuated to a pressure of 0.1 torr and was heated to a specified

temperature with the help of air thermostat 5 and maintained as long as the fluctuations of

temperature were kept within the limits of the measurement error (±0.1K). Then valve 25 was

closed and the cell content was transferred to the evacuated trap 13 and 14 cooled by liquid

nitrogen. The volume of gases not condensed at liquid nitrogen temperature (N : and H ; - if they

were formed as a result of ammonia decomposition during the experiments) was measured. Traps

13 and 14 were sealed off, weighed, and the substances were analyzed for the ammonia content.

We have investigated the specific volumes of water-ammonia gas mixture in the range of

temperature 623 - 873 K and pressures from 32 up to 250 bar. Some of results of our investigation

are given in Fig. 2. The ammonia and water forms almost ideal gas solution at low temperatures.

Some deviations took place at the high pressures, but they became negligible with a rise of

temperature (Fig. 2).
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Fig. 1. Schematic diagram of the installation for PVT measurements of

ammonia-water mixtures in the temperature range up to 873 K and

pressures up to 40 MPa.
1- cylinder with ammonia; 2- vessel for ammonia recondensation; 3- intermediate vessel used

for mixing; 4- buffer vessel with water, preventing ammonia contact with metal parts of the

manometer; 5- air thermostat with a PVT cell; 6- vacuum pumps; 7- vacuumeter, 8,-11 -

manometers, 12- trap with liquid nitrogen, 13,14- vessels for probes of the ammonia - water

mixture withdrawn from the PVT-cell, 15- plunger high-pressure pump; 16-accurate

displacement pump with sapphire rods and valves; 17- foam plastic vessel with dry ice or with

liquid nitrogen; 1 8,22-27-two-way valves; 19- glass calibrated volume vessel; 20 - Hg
manometer; 21- vacuum valves.
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Fig. 2. Comparison of the specific volumes of ammonia - water gas mixtures at various

temperatures and NH ? contents. P = 100 bar.

II. Measurement of compression of ammonia-water liquid solutions.

The schematic diagram of the installation, used for high-pressure experiments with water -

ammonia solutions is presented in Fig. 3. The installation is made of special corrosion-proof steel

with increased strength. The top of the channel of the high-pressure chamber is closed by

diaphragm through a brass seal, which is secured by a wing nut. To prevent heat loss through

cross brace (2), the high pressure chamber was fixed on a special union, which was also kept at a

constant temperature by thermostatic control. The installation was heat-insulated with asbestos.

These measures have allowed us to create inside the HP chamber channel a nongradient zone in a

range of temperatures up to 430 K. The preliminary study of thermostatic control modes at various

temperatures and pressures was performed before the experiments with compression of solutions.

The time to establish thermal equilibrium ranged from 1 ( at 300 K) to 6 hours (at 425 K).

For the investigation of the compression of water - ammonia solutions a Gibson piezometer

was used [2 ]. Piezometers are made of Pyrex glass and are vessels with a sealing capillary in the

bottom (Fig. 4). The cell is immersed in mercury in a stainless steal beaker. During the

compression experiments, mercury enters the capillary and drops onto the piezometer bottom.

61



Upon pressure reduction the excess liquid leaves the piezometer through the capillary. The

compression of the solution was calculated from the weight of mercury left in the piezometer. After

the experiments, ammonia solutions were neutralized with a IN H2SO4 solution and the excess of

acid was titrated by a 0. IN NaOH solution.

Fig. 3. Schematic diagram of the high-pressure installation for studying the

compression of water - ammonia solutions.

1 - high-pressure chamber, 2 - cross brace, 3 - preliminary pressure system, 4 - multiplicator,

5 - piston manometers, 6- obturator, 7 - thermostatic control and heat-insulation, 8 - valves.

The procedure for the compression measurements was established by preliminary

experiments with water. The time required for establishing equilibrium in the piezometer was
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determined and the absence of temperature gradients and fluctuations in the high-pressure (HP)

chamber was proven.

Fig. 4. Gibson piezometer.

The data on compression of ammonia-water mixtures were analyzed with the help of a

special computer program. Smoothed curves of compression were obtained and the specific

volumes for the NH 3-H 20 liquid solutions were calculated for temperatures up to 423K and

pressures up to 600 atm. The specific volumes at the atmospheric pressure were taken from [3].

Examples of the data obtained are given in the Fig. 5.

Fif. 5. The dependence of the volume of liquid on the temperature, pressure and NH3

content.
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IE. Calorimetric study of ammonia-water solutions

The calorimetric experiments were carried out using an automated heat flux C-80 Setaram

calorimeter (France). Processing of experimental data - filtering, base line subtraction, integration -

was done with the use of an original Program Package "Experiment' developed in the Russian

Scientific Center "Applied Chemistry".

For the heat of mixing investigation special mixing vessels with two chambers separated by

a membrane were used. The pressure inside the vessels can reach 150-200 bar. Volumes of the

upper and lower chambers are each equal to 1.2 cm
3

. The membrane is made of a special nickel

foil of high purity, 0.2mm. New vessels allowed us to work with pure ammonia in the lower cell

up to 373K, and with 30-60% ammonia solutions up to 423K.

A predetermined amount of purified ammonia was placed in the lower chamber, cooled

with liquid nitrogen. The chamber was closed with the membrane and the vessel was heated to

ambient temperature. Then the corresponding quantity of water was added, the vessel was totally

Fig. 6. Heats of mixing of liquid ammonia and water at different temperatures.
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assembled and inserted into the calorimeter cell to reach thermal equilibrium. A membrane

separates the two chambers and two liquids until the beginning of mixing. Mixing is performed by

piercing the membrane with a rod which also serves as an initial stirrer. Then mixing is performed

by revolving the calonmetnc block. Experimental values of heat of mixing are given in Fig. 6.

At temperatures above 383K, the membrane could no longer seal pure ammonia vapor

before reaching thermal equilibrium. For high-temperature tests, corresponding 62 and 38%

ammonia solutions were prepared in the lower chamber, and the necessary quantity of water was

introduced into the upper chamber. Assuming the similarity of heat effects of mixing at low and

high temperatures, the corresponding values of heat effects were calculated.

The measurements of heat capacity were made in stainless-steel ampoules with aluminum

joints similar to standard "Setaram" ampoule adapted to pressures up to 200 bars. The inner

volume was 7.5 cm . Ammonia was placed in the cooled ampoule and diluted with water to get the

necessary concentration. At temperatures close to the critical temperature for the corresponding

concentration, not less than -70-80% of the ampoule inner volume was filled with a liquid.

Experiments were performed in a linear heating mode, 0.5K/min, temperature range 293-

563K. Base line with an empty ampoule was recorded under the same conditions. For comparison

the heat capacity of H20 was determined under the same conditions. The obtained data were
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additionally verified by the experiments that were conducted at low heating rates 0.05K/min and by

direct determination of the heat capacity at 303K. The correlation was good. For temperatures

above 593K, the values obtained must be corrected for vaporization processes and the heat

capacity of vapor. The experimental values of heat capacities are given in Fig. 7.

A new method of thermal conductivity measurement for liquids based on a heat flow

calorimeter was used to investigate ammonia-water solutions. It can be applied to various solids

and liquids or liquid solutions having a low conductivity in the range 0.1 - 1.0 W/m'K. For the

system "NH3 - H2
0" a method applying standard high-pressure vessels (see Fig. 8. V = 8.5 cm3

)

were developed. Water was used as a standard. The method of thermal conductivity measurement

is based on the theory of a regular cooling mode developed by Kondratiev [4], When a body of an

arbitrary shape is heated with a constant temperature and heat exchange, a special mode of heating

is established after a certain time interval. Temperature variation in any point of the body does not

depend on the initial temperature distribution inside the body. The rate of heating is the same for

any point of the body. At the end of the heating procedure the heat flow to the body was fixed and

the thermal conductivity was calculated.

joule effect supply

fixation

copper flanges

j

top of the

calonmetric blok

fluid

copper cylinder

heatino coil

heatflux transducers

PRINCIPLE

Fig. 8. Scheme of the vessel for thermal conductivity determination of the ammonia - water

system.

Experiments to measure the thermal conductivity were run at temperatures up to 460K. The
following ammonia solutions were studied: 20, 40-45, 58, 80%. The data obtained are shown in

Fig. 9.
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Conclusions.

The volumetric and some calorimetric properties of ammonia-water gases and liquid

solutions was investigated. It was shown that the gases solutions are almost ideal in the wide range

of temperatures and pressures.
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A. ZALTASH: PROPERTY NEEDS FOR ABSORPTION SYSTEMS
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ABSTRACT

Gas turbine-based combined-cycle power plants have gained broad acceptance worldwide due

to their favorable economics, high efficiency and excellent environmental performance. Combined-

cycle performance improvements based on 9FA gas turbines have demonstrated net efficiencies

greater than 55%. The introduction of the steam-cooled STAG 109H combined-cycle system, with

its 60% net plant efficiency capability, is the latest step in this trend. These plants typically use

high-efficiency steam bottoming cycles, with the current state-of-the-art being a three-pressure

reheat cycle. The Kalina Cycle, using a mixture of ammonia and water as the working fluid,

promises additional improvements in combined-cycle efficiency through dramatic changes in the

bottoming cycle. These changes make possible non-isothcrmal heat acquisition and heat rejection,

as well as internal heat recuperation, which reduce losses of thermodynamic availability (exergy).

This paper presents results of studies on the application of the Kalina Cycle to gas turbine-

based combined cycles, including system design and performance characteristics, and compares the

Kalina Cycle’s performance and economics with those of a state-of-the-art conventional steam bot-

toming cycle. Several variants of the Kalina Cycle overall system design and the Distillation

Condensation Subsystem (DCSS), which replaces the condenser as the heat rejection and recupera-

tion system of the Kalina Cycle, were studied. Results show that the Kalina Cycle can increase the

net bottoming cycle power output of a STAG 207FA system by approximately 13%, with no

increase in fuel consumption, when compared with a three-pressure reheat Rankine bottoming

cycle. This corresponds to an increase in overall combined-cycle efficiency of approximately 2.5

percentage points, a significant improvement over state-of-the-art systems with steam bottoming

cycles. GE and Exergy, Inc. have agreed to pursue the commercialization of Kalina Cycles for com-

bined-cycle applications on a worldwide exclusive license basis. Plans and objectives for the next

phase in this process, a commercial-scale demonstration project, are reviewed.

INTRODUCTION

The worldwide market for gas turbine combined-cycle power generation equipment has

expanded significantly in recent years. The availability of clean, plentiful natural gas fuel supplies

has caused a significant shift to combined cycles as a preferred power generation technology. This

trend has also been accelerated by ongoing improvements in combined-cycle system efficiency.

Combined-cycle plants, using 7FA and 9FA gas turbines and conventional steam bottoming cycles,

are operating today with net efficiencies over 55%. GE’s H technology combined-cycle systems,

including the STAG 109H designed for 50 Hz markets, make possible power plants using steam

bottoming cycles with net efficiencies of 60% [1]. Forecasts indicate that gas turbine combined-

cycle power generation will continue to be the system of choice, with more than 260 gigawatts of

combined-cycle capacity projected to be ordered worldwide in the next 10 years.

Improvements in combined-cycle efficiency to date have been paced primarily by gas turbine

advances. This was facilitated by the transfer of advanced materials and cooling technology from

aircraft engine applications to large heavy-duty gas turbines, and the resulting ability to increase fir-

ing temperatures. Compressor technology has also advanced, leading to units with increased air-

flow and pressure ratio capability. These advances in gas turbine technology have improved both

the fuel efficiency and economies of scale of combined-cycle systems.

Along with gas turbine technology advances, significant improvements have been made in con-

ventional steam bottoming cycle system technology. These include:

• Multiple pressure level heat recovery steam generators
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- Rebeat steam cycles

• Fuel gas preheating

• 3D steam turbine aerodynamic design of vanes and exhaust hoods

• Integrated steam-cooled gas turbine/combined-cycle systems — “H” technology

The application of the Kalina Cycle makes possible another major step in overall combined-

cycle system efficiency, ranging from approximately 2.5 percentage points with the large F and H

technology gas turbines to approximately 4 points with low exhaust temperature aeroderivative gas

turbines such as the LM6000, when compared with high-efficiency steam bottoming cycles typical-

ly applied today.

Simplified schematics of conventional steam and Kalina Cycle mixed working fluid combined-

cycle systems are shown in Figure 1. In conventional combined-cycle systems, the steam bottom-

ing cycle uses the gas turbine exhaust energy to produce steam to be expanded in a steam turbine

and then condensed. In a Kalina Cycle system, the gas turbine exhaust energy is used to vaporize

an ammonia-water (or other) working fluid mixture, which is then expanded through a vapor tur-

bine and absorbed and condensed after the injection of an ammonia-lean stream.

The key features of the Kalina Cycle which improve its combined-cycle efficiency are its abili-

ty to exchange energy from the topping cycle to the bottoming cycle in a non-isothennal manner

and to reject heat from the bottoming cycle to the heat sink in a similar non-isotbermal manner.

Figure 2 shows a comparison of the HRSG exhaust gas and bottomr .g cycle working fluid temper-

ature profiles for single-pressure non-reheat steam and Kalina bottoming cycle systems.

Temperature differences between the exhaust gas and the bottoming cycle working fluid create

losses in thermodynamic availability, or exergy, and reduce the power generation potential of the

system. The Kalina Cycle significantly reduces these losses. The distillation-condensation subsys-

tem (DCSS) similarly reduces losses in the heat rejection portion of the cycle.

The development of the Kalina Cycle moved from theory to practice with Exergy ’s successful

operation of a 3 MW unit at Canoga Park in California (Figure 3). In addition to fulfilling all perfor-

mance expectations, the Canoga Park pilot plant has confirmed excellent system operability charac-

teristics, comparable with those expected of a conventional steam combined-cycle system [2, 3].

THERMODYNAMIC COMPARISON - RANK3NE vs KALINA

Rankine Cycles

The conventional steam bottoming cycles applied today in combined-cycle systems are known
as steam Rankine cycles. Exergy 1

losses in steam Rankine bottoming cycles are commonly reduced

by generating steam at multiple pressure levels and by the addition of reheat. Figure 4 shows the

heat recovery exergy profiles for single- and two-pressure non-reheat and three-pressure reheat

steam systems for a STAG 207FA. These plots are derived from the heat recovery temperature pro-

files by weighting the temperatures based on the Carnot efficiency at each temperature relative to a

common sink temperature.

Exergy losses in the heat recovery steam generator (HRSG) are proportional to the area between
the exhaust gas and steam temperature profiles. Exergy losses due to the discharge of exhaust gas

from the HRSG are a function of stack temperature. The power outputs of these cycles are propor-

Exergy — A measure of bow much power could be cm acted 6001 a beat source (such as gas turbine exhaust) at Carnot efficiency.

Exergetic efficiency is a figure of merit for a cycle relative to its maximum theoretical efficiency (Le., 100% exergetic efficiency
Carnot efficiency).
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tional to the exergy recovered in the HRSG and made available to the steam turbine. Employing

multiple pressure levels makes it possible to more closely match the exhaust gas temperature profile

in the HRSG, thereby reducing exergy losses. As additional pressure levels and/or reheat (or even

supercritical cycle designs) are employed, the performance benefits become incrementally smaller,

while cost and complexity increase [4]. The two-pressure non-reheat and three- pressure reheat bot-

toming cycles are most frequently seen today in large combined-cycle installations - the latter being

applied when fuel costs demand the most efficient power generation systems available.

The key reason that multiple steam generation pressure levels must be employed to improve

steam Rankine bottoming cycle efficiency is the limitation imposed by the properties of the work-

ing fluid. The highest exergetic efficiency attained for steam Rankine cycles in combined-cycle

applications is about 70%.

Kalina Cycles

The ideal HRSG heat exchanger configuration in which the exhaust gas and bottoming cycle

working fluid temperature profiles are parallel cannot be achieved with a single component work-

ing fluid such as water, because all evaporation must take place at constant temperature. The Kalina

Cycle systems reduce exergy losses by tailoring the working fluid properties as required at each

point within the cycle. This goal is achieved by using a mixture of two fluids and by varying the

mixture composition. Although several fluids are available for this purpose, the mixture of ammo-

nia and water has emerged as the most versatile, economic and commercially proven mixture.

Shown in Figure 5 is a heat recovery exergy plot for the Kalina Cycle system of Figure 1 as

applied to a STAG 207FA. This plot illustrates the non-isothermal evaporation of the ammonia-

water mixture. This provides direct benefits in both decreased exergy losses and increased bottom-

ing cycle output. This is the same Kalina Cycle system arrangement as was demonstrated at Canoga

Park.

Although significant improvements can be achieved, as shown in Figure 5, regions of high

exergy loss are still present. Two additional improvements are employed in the more advanced

Kalina Cycle shown in Figure 6 [5]. These are the addition of reheat and the use of a regenerative

evaporator to accomplish a portion of the evaporative duty outside the heat recovery vapor genera-

tor (HRVG). These improvements make it possible to achieve significantly higher cycle efficiencies

than are achievable using three-pressure reheat steam Rankine bottoming cycles.

The improvements in the Kalina Cycle configuration of Figure 6 address the consequences of

the non-lmear ammonia-water mixture temperature profile in the HRVG. The steeper slope of the

ammonia-water mixture in the superheat sections of the HRVG can be flattened out and made more
parallel to the exhaust gas by increasing the working fluid flow m this portion of the boiler. This is

partially realized by the addition of reheat to the cycle. This adds about 4% to the Kalina bottoming

cycle output. The regenerative boiler contributes further to the reduction of cycle exergy losses.

Diverting a fraction of preheated (but still subcooled) working fluid from the HRVG improves the

temperature match for evaporation in the HRVG. The diverted flow is routed to a regenerative

evaporator which boils this fraction of the working fluid prior to re-admission to the HRVG for

superheating. The net result is increased evaporation of working fluid, which further reduces super-

heater and economizer exergy losses. By properly balancing file flows, and selecting the reheat and
regenerative boiler operating pressures and working fluid composition, it is possible to achieve very
nearly optimum (i.e. parallel) heat transfer profiles throughout the heat recovery system. Shown in

Figure 7 is the heat recovery exergy profile for the Kalina Cycle system of Figure 6.
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The Kalina Cycle system ofFigure 6 achieves optimum performance with a working fluid com-

position through the heat recovery boiler and turbines of 80% to 85% ammonia and 1 5% to 20%

water. The temperature necessary to directly condense the working fluid would be -6 C (22 F) at the

conditions existing at the exhaust of the LP turbine, which is clearly impractical. Instead, the

DCSS, shown in Figure 8, is used to condense and regenerate the working fluid in three stages.

This process involves partial condensation and subsequent dilution of die vapor turbine exhaust to a

fully condensible composition. The lean (basic) solution from the first (low-pressure) condenser is

pumped to a higher pressure, heated regeneraavely against the condensing turbine exhaust and sep-

arated into ammonia rich vapor and the lean liquid necessary to dilute and condense the turbine

exhaust. Two additional distillation condensation steps are necessary to regenerate the original

working fluid composition as a liquid suitable for return to the HRVG for heating. The use of an

ammonia-water mixture allows selection of a working fluid composition which results in a LP tur-

bine exhaust pressure above atmospheric at all operating conditions. This reduces the size (and

attendant cost) of the low-pressure turbine and simplifies other aspects of the system.

PERFORMANCE

The Kalina Cycle can be applied as a bottoming cycle with the full range of GE gas turbines.

Performance has been estimated using GE turbine efficiency correlations and heat balance software

developed by Exergy. The Kalina Cycle results were weighed against high-efficiency GE steam

Rankine cycle systems for comparability and accuracy.

Comparisons were made for a number of combined-cycle configurations, ranging from a single

LM6000 to the largest F technology units. The greatest expected efficiency improvement - approxi-

mately 4 percentage points - comes with the aeroderivative LM6000, which is typically applied

with a two-pressure non-reheat cycle due to its low gas turbine exhaust temperature. The efficiency

improvement with the 7FA and 9FA-based combined cycles is approximately 2.5 percentage points

compared with a high-efficiency three pressure reheat cycle.

Table 1 shows the estimated performance of the STAG 207FA Kalina Cycle system of Figure 7,

compared with the two most common conventional steam Rankine cycle systems (two-pressure

non-reheat and three-pressure reheat). In addition to its higher net design efficiency (58.46% vs.

55 . 89%), the Kalina Cycle produces an additional 23.6 MW of net power output compared with the

optimized three-pressure reheat Rankine cycle system. This increase in output is obtained at the

cost of increased HRVG (vs HRSG) surface area, as shown in Table 1, plus the addition of the

DCSS in lieu of a condenser. HRSG/HRVG characteristics are also shown in Table 1.

Comparable efficiency improvements, and scaled-up output improvements, would be expected

with a STAG 1 09FA. Estimates of these values are shown in Table 2. (These performance compar-

isons are based on a wet cooling tower application, with an ambient air temperature of 15 C (59 F)

and with other boundary conditions, auxiliary loads and component design efficiency correlations

kept the same. Expected efficiency gains with direct seawater cooling would be approximately one-

half point lower, as the opportunity to cross-optimize the DCSS and cooling tower is not available.)

Exergy losses in the STAG 207FA three-pressure reheat Rankine bottoming cycle and the

Kalina Cycle system of Figure 6 were computed using the heat balance calculations supporting the

performance estimates shown in Table 1. The resulting comparison is shown in Figure 9. The
reduction in exergy losses of 23.6 MW with the Kalina Cycle system translates directly into the

increased net power output shown in Table 1.

It is evident from Figure 9 that the exergy losses in the heat recovery process are greatly
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reduced in the Kalina cycle. However, the cxeigy losses in the tuihine expansion process are also

significantly reduced. To understand why, it is important to note the difference between turbine

exergetical efficiency and isentropic expansion efficiency.

The exergetical efficiency of a turbine considers only losses due to exergy destruction in the

turbine, while the isentropic efficiency of a turbine considers both exeTgy destruction in the turbine

and the exergy contained in the turbine exhaust stream. If the turbine exhaust exergy is not utilized

or recuperated by downstream equipment, then its availability to do work is in fact lost and the

exergetical efficiency of the turbine in such a system equals its isentropic efficiency. For example,

the high-pressure turbine in a reheat Rankine cycle has a higher exergetical efficiency than isen-

tropic efficiency because an increase in its exhaust exergy reduces the reheater heat duty, thereby

increasing the exergy available for steam generation in the HRSG. However, unconverted energy

from the intermediate/low pressure (reheat) turbine is irreversibly lost in the condenser of a

Rankine cycle.

In the Kalina Cycle, not only the high-pressure turbine but all of the turbines receive the benefit

of downstream recuperation. The high-pressure turbine is followed by the reheater (as in the

Rankine cycle), the intermediate-pressure (reheat) turbine is followed by the regenerative evapora-

tor, and the low-pressure turbine is followed by the DCSS (a recuperative subsystem).

ECONOMIC CHARACTERISTICS

An economic evaluation of the Kalina Cycle vs. the conventional steam Rankine cycle involves

an assessment of the three principal elements of life-cycle cost capital cost, fuel cost and operation

and maintenance costs. Evaluations to date have focused primarily on the largest two, that is, capi-

tal cost and fuel cost. Operation and maintenance costs have been assumed constant. While the

Kalina Cycle uses ammonia and has additional heat exchanger equipment, it also has a simpler

HRVG and vapor turbine, no need for water treatment facilities and no vacuum systems. The net

effect may actually be to reduce operation and maintenance costs of Kalina Cycle plants below

those of conventional plants.

Figure 10 shows the results of an economic evaluation of the STAG 207FA Kalina Cycle sys-

tem. The economic benefit of improved efficiency for the Kalina Cycle (in S/kW) is plotted vs.

operanng hours per year for three values of fuel cost [in S/MMBtu (S/GJ)]. The following addition-

al economic assumptions were used in the analysis:

Discount rate 1 0%
Number of years 20

Fixed charge rate 18%
Fuel cost escalation 4%

As Figure 10 demonstrates, the improvement in combined-cycle efficiency alone over an eco-

nomic evaluation period of only 20 years can be translated into an equivalent total combined-cycle

plant capital cost value in the S30/kW to $90/kW range.

Efficiency is not the only factor, however. When the value of the additional power output is also

considered, the value is even further enhanced. Shown in Figure 1 1 is the total value in incremental

$/kW of the increased output and efficiency of the Kalina Cycle above the Rankine cycle for a

range of operating hours and fuel price scenarios. The benefit is the sum of the value of the incre-

mental power output (modeled here at a typical value of S500/kW) together with the value of effi-

ciency, since the incremental power output is produced with no incremental operating cost.
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The capital cost of a Kalina Cycle combined-cycle plant using a given gas turbine will be higher

than that of the comparable Rankme cycle plant, due to die increased equipment required by the

Kalina Cycle. However, this cost can be more than offset by the value of the Kalina Cycle’s

increased output and efficiency. For example, assume that the incremental cost of the STAG 207FA

Kalina Cycle system is SllOO/kW for its incremental output of 23.6 MW above a three-pressuTe

reheat Rankine cycle system. With a fuel cost of $4/MMBtu (S4.22/GJ) and 4% escalation, the

Kalina Cycle would be the economic choice when operation longer than 3500 hours per year is

anticipated. The sensitivity of the selection of a Kalina Cycle vs Rankine cycle system to the Kalina

Cycle’s incremental output, efficiency and cost, as well as fuel costs, can be readily assessed.

KEYTECHNOLOGIES

Technology areas important to the application of the Kalina Cycle include heat exchanger

design, materials compatibility, working fluid properties and system operability and safety.

The nearly ideal heat exchange relationship attained in the Kalina Cycle creates an increased

incentive to minimize heat exchanger temperature differences. A conventional Rankine bottoming

cycle reaches a point of diminishing returns as HRSG surface is increased due to the evaporator

pinch points. In contrast, the Kalina bottoming cycle rewards increases in heat exchanger surface

area with a nearly linear reduction of exergy losses and, hence, increased power output. This ther-

modynamic characteristic of the cycle, in combination with the heat exchangers necessary in the

DCSS, creates a strong relationship between heat exchanger sizing and system economics.

Heat transfer testing has been performed at the Kalina Cycle pilot plant facility at Canoga Park

to reduce uncertainty in this area. The data has now been analyzed to provide an understanding of

the heat transfer characteristics of the NHy'HjO working fluid in all regimes.

Materials compatibility in the NHj/HjO working fluid is another area of primary interest.

Results to date from the pilot plant have not shown any nitriding of turbine or KRVG materials.

Further testing will be undertaken to confirm this finding and identify optimal materials for use

throughout the cycle. This is a straightforward materials qualification and material selection process

and is not seen as a technical bairier for the cycle. In the low temperature areas, such as the DCSS,
carbon steel will be used. This is consistent with over a century of ammonia absorption refrigera-

tion experience. Certain materials are clearly not appropriate for use with the NHj/HjO working

fluid. These include copper anywhere in the cycle. Also, materials catalytic with respect to ammo-
nia decomposition in high temperature regions such as hastelloy, low nickel iron alloys, and alloys

with cobalt would not be employed.

A related issue is the rate of ammonia decomposition. Data from the pilot plant show very low

rates of ammonia decomposition at a working fluid composition of 70% NH3 and 30% HjO. The
higher operating temperatures and richer working fluid composition of a commercial plant will

increase the decomposition rate somewhat, but not to a level that adversely impacts performance

(due to buildup of non-condensibles) or economics (as related to ammonia makeup needs).

Proper design, operation and maintenance of Kalina Cycle power plants from a safety stand-

point is particularly important due to the use of the ammonia-water working fluid mixture [6].

Fortunately, there is an extensive experience database to draw on from the process industries,

including ammonia synthesis plants, ammonia absorption refrigeration systems and handling and
distribution of ammonia as a fertilizer and feedstock. Power plants have used ammonia for decades
to control working fluid pH, and more recently for boiler and gas turbine emission control systems
and gas turbine inlet air chillers.
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Ammonia, though classified as a hazardous substance, has a number of favorable characteris-

tics. Due to its strong, distinctive odor, the presence of ammonia is easily detected at well below

harmful concentrations. Though potentially flammable, ammonia is very difficult to ignite.

Ammonia is rendered harmless when diluted sufficiently with water. Pure or anhydrous ammonia is

gaseous at atmospheric pressure and is lighter than air. If released to the environment, it readily

combines with water and carbon dioxide to form non-harmful compounds.

Industry experience has resulted in a maturation of standards responsible for plant safety. These

standards have a proven track record in ensuring safe and environmentally responsible plant design,

operation and maintenance.

COMMERCIALIZATION OBJECTIVES

Market evaluations show the greatest potential for Kalina Cycle combined-cycle systems to be

in those applications which today demand the most efficient plants available. A number of com-

bined-cycle plants have been built to date and others are underway in this market segment using F

technology gas turbine units with high-efficiency steam bottoming cycles.

GE has a worldwide exclusive licensing agreement with Exergy, Inc. to develop and market the

Kalina Cycle technology for combined-cycle applications. GE is presently in the process of identi-

fying a site for a commercial-scale plant to demonstrate the technology. The demonstration plant is

being targeted at the 40-140 megawatt (combined cycle) size range, and its objective will be to con-

firm the life-cycle cost, performance and operational characteristics of the Kalina Cycle technology,

and to provide a further foundation for commercialization.

In parallel with the demonstration plant efforts, GE and Exergy are actively exploring addition-

al opportunities for commercial projects with Kalina Cycle combined-cycle systems where high

efficiency is of particular importance.

CONCLUSIONS

The Kalina Cycle has been shown to have attractive potential as a bottoming cycle in gas tur-

bine-based combined-cycle applications, in terms of both higher efficiency and reduced operating

cost compared with conventional steam cycles. Technology developments and commercialization

initiatives are underway with the objective of exploiting this potential as a key element in enhanc-

ing the position of combined cycles as the most efficient and cost-effective power generation sys-

tem available today.
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Pnnvf»ntinnai Steam Kalina ~ M ixed Working Fl uid

OTM401

Figure 1. Conventional Steam and Kalina Combined-Cycle Systems

OTM402A

Figure 2. HRSG Temperature Profiles - Conventional Steam Cycle and Kalina Cycle
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Figure 3. Exergy Pilot Plant at Canoga Park

GT24411A

Figure 4. Rankine Bottoming Cycle Heat Recovery Exergy Profiles (STAG 207FA)
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Figure 5. Kalina System 1 - Heat Recovery Exergy Profile
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Figure 6. Advanced Kalina Combined Cycle
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Figure 7. Kalina System 6 - Heat Recovery Exergv Profile
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Rankine Cycle

Advanced

Kalina Cycle

HRVG

GT2&4&S

Figure 9. Bottoming Cycle Exergy Loss Analysis
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Figure 10. Value of Kalina Cycle Efficiency Advantage
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Figure 11. Combined Value of Kalina Cycle Output and Efficiency

Rankine Kalina

Two-Pressure Three-Pressure System 6/

Non-Reheat Reheat DCSS 4g

Heat Cons., GJ/hr (LHV) 3294.7 3294.7 3294.7

Power, MW
Gas Turbine 329.4 329.4 329.4

Steam/Vapor Turbine 178.2 190.3 220.5

Gross 507.6 519.7 549.9

Auxiliaries 7.4 8.8 15.4

Net 500.2 510.9 534.5

Net Heat Rate, kJ/kWh (LHV) 6587 6449 6164

Net Efficiency, % (LHV) 54.65 55.82 58.40

HRSG/HRVG Basis

Pinch, C 8.3 8.3 10

Subcooling, C 5.6 5.6 NA
Approach, C 31.7 31.7 31.7

Relative Surface Area 1.0 1.14 1.83

GT24436A

Table 1. STAG 207FA Performance Comparison (ISO)
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Rankine Kalina

Two-Pressure Three-Pressure System 6/

Non-Reheat Reheat DCSS 4g

Heat Cons., GJ/hr (LHV) 2344.9 2344.9 2344.9

Power, MW
Gas Turbine 231.8 231.8 231.8

SteamA/apor Turbine 128.4 137.1 158.8

Gross 360.2 368.9 390.6

Auxiliaries 5.4 6.4 11.1

Net 354.8 362.5 379.5

Net Heat Rate, kJ/kWh (LHV) 6609 6469 6178

Net Efficiency, % (LHV) 54.47 55.65 58.27

QT2S41S

Table 2. Estimated STAG 109FA Performance Comparison (ISO)
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APPENDIX J.

D. FRIEND: STATUS OF DATA AND MODELS FOR
AMMONIA/WATER MIXTURES
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Status of Data and Models for

Ammonia-Water Mixtures

Daniel G. Friend

National Institute of Standards and Technology
Physical and Chemical Properties Division

Boulder, Colorado

Collaborators:

Jim Rainwater, Reiner Tillner-Roth

(Hannover), Marcia Huber, Amy Olson,

Adam Nowarski (Krakow), Jim Warden,

Sergei Kiselev (Moscow)

Workshop on Thermophysical Properties ofAmmonia/Water

Mixtures

Boulder, Co June 26, 1 996
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Components of NH3
-H20 Project

• Bibliographic effort

• Data evaluation

• Selected experimental data
acquisition

• Model development

• Optimization
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DATA EVALUATION and STANDARD
REFERENCE DATA

• Fluid purity / mixture composition

• Experimental technique

• Independent variables: uncertainty and
traceability to standards

• Calibrations & model-dependent
corrections

• Availability of raw data

• Uncertainty of experimental data:

experimentalist's assessment
precision by replication

intercomparisons with other data
sets

• Bibliographic research
worldwide archival literature

theses
laboratory records / personal contacts

• Theoretical components
multiple properties
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Bibliographic Efforts on

Ammonia-Water Mixtures

NBS Special Publication 718 (1986)

by B.R. Staples et al.

Absorption Fluids Data Survey: Final

Report on Worldwide Data (1988,

1 989)by R.A. Macriss et al. (ornl,

Institute of Gas Technology)

Standard Thermophysical Properties of

the Ammonia Water Binary Fluid

(1995) by D.G. Friend, A.L. Olson, and

A. Nowarski (Proc. 12th icpws)

Survey and Assessment of Available

Measurements of Thermodynamic
Properties of the Mixture (Water +

Ammonia) (1996) by R. Tillner-Roth

and D.G. Friend (to be published)

NIST
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Ammonia-Water Property Compilations

and Computer Programs

• Thermodynamic properties - saturated liquid and
vapor of ammonia-water mixtures by Scatchard et al.,

J. ASRE(1947).

• Physical and Thermodynamic Properties of

Ammonia-Water Mixtures by R.A. Macriss etal., IGT

Research Bulletin No. 34 (1964).

• ASHRAE Handbook (1993)

Research Project No. 271 -RP (TC 8.3); Data
Reference: B.H. Jennings (1965).

• Thermodynamics ofAqueous Solutions Containing

Volatile Weak Electrolytes by Edwards et al.; AlChF J

(1978).

• Equations of State for the System Ammonia-Water for

Use with Computers by S.C.G. Schultz; dissertation

(1971) and HR (1971).

• “Tables from Fluor Engineers" in Ammonia
Absorption Refrigeration in Industrial Processes
by M. Bogart (1981).

• Equation of State forAmmonia-Water Mixtures by

Ziegler and Trepp; IJR (1984).

NIST
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Ammonia-Water Property Compilations

and Computer Programs (2)

Thermodynamic Properties of Water-Ammonia
Mixtures: Theoretical Implementation for Use in

Power Cycle Analysis by El-Sayed and Tribus; ASME
Trans.(1985); Exergy (1994).

Thermodynamic Properties ofAmmonia-Water
Mixtures by Park and Sonntag; ASHRAE Trans.

(1991).

An Effective Approach to the VLE of the Ammonia-
Water System by Nowarski and Styrylska; ENSEC
(1993).

Thermodynamic Properties ofAmmonia-Water
Mixtures by Ibrahim and Klein; ASHRAE Trans.

(1993).

Equation of State for the NH3-H20 System by Duan,
Moller, and Weare; J. Sol. Chem. (1996).

A Helmholtz Free Energy Formulation of the

Thermodynamic Properties of the Mixture

(Water+Ammonia) by Tillner-Roth; to be submitted

(1996).

NIST
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(r
:

Pure Fluid Formulations

Water:

• NBS/NRC Steam Tables (1 984)

(Haar, Gallagher, and Kell)

• IAPWS (‘95): Formulation for General and

Scientific Use (PruB and Wagner)

Ammonia:

• Thermodynamic Properties ofAmmonia
(Haar and Gallagher, JPCRD Z, 635, 1978)

• An Assessment of the Current Status of the

Thermophysical Properties ofAmmonia
(Penoncello and Haugk, CATS Rpt. 94-5,1994)

• Eine neue Fundamentalgleichung fuer

Ammoniak (Tillner-Roth, Harms-Watzenberg,

and Baehr, Proc. 20th DKV (Heidelberg) p.

167,1993).

Nisrj
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rr —
f

Fixed Point Properties of HzO
and NH3

• Water:
Tc - 647.082 K

Pc « 22.055 MPa

pc = 1 7.87 mol-dm'
3

• Ammonia:
Tc » 405.37 K

Pc = 11.333 MPa

pc * 13.80 mol-dm'3

IL
(\jist
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<r

Experimental Data Summary

m About 5700 points, 50 references

• 1016 PTx (Bubble Points)

• 1324 PTxy

• 226 PTy (Dew Points)

• 63 Txy

• 9 P
P

• 324 PoL

• 2022 PpTx

• 321 H*. H*. AH

• 98 Cp

• 288 T„ P,

'l— nistJ
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TABLE 1. Summary of experimental data for {water-fammonia)

Source Year N
T/K

Range of data

p/MPa x(NH3 )

(p,7\x)-data (bubble point measurements)

Carius [3]
1856 6 273 - 298 0.1 0.26 - 0.39

Foote [9]
1921 17 283 - 303 0.05 - 0.2 0.29 - 0.53

Guillevic et al. [12] 1985 13 403 - 503 1.3 - 7.1 0.07 - 0.7

Gillespie et al. [11] 1987 173 313 - 588 0.01 - 20.8 0.008 - 0.99

Jennings [20] 1965 72 297 - 490 0.05 - 3.7 0.10 - 0.79

Mittasch et al. [25] 1926 51 273 - 334 0.01 - 0.9 0.21 - 0.52

Mollier [26] 1908 35 274 - 393 0.1 - 0.9 0.12 - 0.52

Perman [29] 1901 77 273 - 334 0.002 - 0.24 0.04 - 0.34

Pierre
Q

[32] 1959 (173) 233 - 513 0.004-- 4.8 0.05 - 0.41

Postma [34] 1920 202 196 - 480 0.001 - 17.8 0.127 - 1.0

Rizvi and Heidemann [37] 1987 36 304 - 618 0.02 - 21.9 0.007 - 0.88

Roscoe and Dittmar [38] 1859 34 273 - 327 0.002 - 0.26 0.07 - 0.69

Sassen et al. [40] 1990 111 389 - 613 1.3 - 21.5 0.189 - 0.8

Sims [41] 1861 16 273 - 373 0.002 - 0.28 0.06 - 0.52

(p,T,x,y)-data

Clifford and Hunter [5] 1933 57 333 - 420 0.02- 1.6 0.016 - 0.26

Gillespie et al. [11] 1987 46 313 - 588 0.15 - 20.7 0.03 - 0.93

Guillevic et al. [12] 1985 5 403 - 503 4.4 - 5.7 0.09 - 0.64

Harms-Watzenberg [14] 1995 46 308 - 573 0.26 - 18.2 0.08 - 0.9

Hoshino et al. [16] 1975 21 240 - 363 0.101325 0.025 - 0.975

Inomata e* al. [18] 1988 7 332 0.16 - 2.1 0.20 - 0.84

Iseli [19] 1985 44 354 - 493 3.6 - 16.1 0.47 - 0.89

Muller et al. [27] 1988 40 373 - 473 0.19-3.1 0.04 - 0.32

Neuhausen and Patrick [28] 1921 31 273 - 313 0.1 - 0.5 0.25 - 0.66

Perman [30] 1903 42 273 - 333 0.002 - 0.08 0.03 - 0.23

Polak and Lu [33] 1975 23 363 - 420 0.1 - 0.44 0.001 - 0.04

Rizvi and Heidemann [37] 1987 285 303 - 618 0.03 - 22.5 0.01 - 0.99

Smolen et al. [42] 1991 198 293 - 413 0.01 - 3.1 0.04 - 0.96

Wilson [48] 1925 47 273 - 363 0.003 - 1.14 0.09 - 0.85

Wucherer* [50] 1932 (432) 223-483 0.01 - 2 0.05 - 0.9

Q
: smoothed data

b
\ these data were constructed from smoothed data (see appendix A)

NSTJJ
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TABLE 1. - continued -

/f

Source Year N
T/K

Range of

p/MPa

data

x(NH3 )

(p,T, y)-data (dew-point measurements)6

Guillevic et al. [12] 1985 21 403 - 503 0.8 - 6.7 0.195 - 0.974

Neuhausen and Patrick [28] 1921 28 273 - 313 0.14 - 0.53 >0.972

Macriss et al. [24] 1964 16 333 - 390 1.5 - 3.6 > 0.966

Postma [34] 1920 17 433 - 508 10- 16 0.74 - 0.932

Rizvi and Heidemann [37] 1987 11 345 - 618 0.9 - 19.3 0.08 - 0.993

Sassen et al. [40] 1990 133 373 - 453 0.1 - 9.7 0.2 - 0.9

(7\x,y)-data

Dvorak and Boublik [6] 1963 15 363.15 - x < 0.03, y < 0.3

Hales and Drewes [13] 1979 30 276 - 297 - x < 0.001

Jones [21] 1963 18 420 - 600 - x <0.001

Partial pressures

Hougen [17] 1925 9 287 - 300 - 0.01 - 0.18

Saturated liquid densities

Gillespie et al. [11] 1985 14 313-519 - 0.17-0.71

Harms-Watzenberg [14] 1995 60 243 - 413 - 0.1 - 0.9

Jennings [20] 1965 77 297 - 490 - 0.1 - 0.79

King et al. [23] 1930 28 293.15 - 0.005 - 0.98

Mittasch et al. [25] 1926 86 273 - 333 - 0.21 - 0.52

Wachsmuth [47] 1878 59 285 - 0.02 - 0.39

(P,V,T, x)-data

Carius [3] 1856 9 323 - 523 0.1 0.01 - 0.32

EUerwald [7] 1981 323 323 - 523 0.04 - 8.3 0.08 - 0.97

Harms-Watzenberg [14] 1995 1208 243 - 413 0.8 - 38 0.1 - 0.9

Harms-Watzenberg [14] 1995 276 373 - 498 0.02 - 4.8 0.25 - 0.75

Neuhausen and Patrick [28] 1921 31 273 - 313 0.1 - 0.5 0.25 - 0.67

Staudt [43] 1984 175 298 - 403 2-20 0.1 - 0.9

c
: mole fractions in column 6 are vapor mole fractions

NIST
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TABLE 1. - continued -

Source Year N Range of data

T/K p/MPa x(NH3 )

Saturated liquid enthalpy

Zinner“ [51] 1934 (146) 203 - 453 - 0.1 - 0.9

Enthalpy of mixing

Baud and Gay [1] 1909 23 285 0.1 0.18 - 0.80

Staudt [43] 1984 92 298 - 373 5 - 12 0.09 - 0.93

Enthalpy differences

Macriss et al. [24] 1964 60 500 - 297 1.4 - 5.2 0.05 - 0.39

Isobaric heat capacity

Chan and Giauque [4] 1964 15 183 - 288 0.1 0.333

Hildenbrand and Giauque [15] 1953 60 197 - 290 0.1 0.5 - 0.67

Wrewsky and Kaigorodoff [49] 1924 23 275 - 334 0.1 0.01 - 0.40

° smoothed data

NIST
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Approaches to Modelling

• Critical Region Theory
Rainwater

Kiselev

• Extended Corresponding States Approach
(One-fluid model)

Huber
Nowarski
Friend

predictive version

“exact “ shape factors

optimized model

• Two-fluid Helmholtz Energy Model
Tillner-Roth

NIST
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Universal Critical Behavior

Scaling Theory
Renormalization Group

t = a - Tc)/ Tc

p = pc ( 1 ± C, f + C2
1 + ... ) |3 = 0.325

Cv = Cvo t
a a = 0.1 10

Mixtures

B = 1/RT

v, = |i,/RT

C = (K,(B) ev,
){K2(B) ev2

+ K,(B) ev,
J
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Binary Mixture Critical Lines

Gibbs free energy conditions:

d2G
dx 2 P, T = 0

d2G
dx 3 P, T

= 0

where

G = A + PV

We can write

d2G
|

_ „ _ Kx
dx 2 lp ' r ** AW
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Mole

Fraction
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Helmholtz Energy Formulations

A(p,T,x) = U - TS

dA = P/p2 dp - S dT + I[i-, dNi

Canonical Ensemble: A = -kT lnQ(H„p,T)

P = p
2
3A/3p|T>x

S = -3A/3T|
P .X

H = A - T 3A/3TI + P/p

Cv = -T d
2NdJ2

\ PP<

C
p
= -T d

2NdT\ Q% + T [3
2
A/3T3pU

2
/ [ 3

2A/3p2
|TJ

Vapor-Liquid Equilibria

tl=tv

p(Pl.t.x) = P(Pv.T.y)

3A(pL,T,x)/3x|p t = 3A(pv,T,y)/dy|p T

rsusr
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CORRESPONDING STATES (1)

Conformal Potentials

e.g. Lennard-Jones 12-6

U(r) = 4e ( (a/r)'
2

- (a/r)
4

)

Rigorous Statistical Mechanics
Partition function
Full thermodynamic surface

150
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CORRESPONDING STATES (2)

Ar

(p,T) = <PC/ Pc0) (pc0/Pc)

x Ar

0 (p (pc / pc0), T (Tc / Tc0))

Critical temperature

Critical pressure

Critical density

Critical compressibility factor

Acentric factor

Dipole moment

Radius of gyration

Hard-sphere diameter

NIST
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Pure Fluids:

f(T,p); h(T,p)

Correlated shape factors

SUPERTRAPP (SRD 4)

Exact shape factors

NIST14 (DDMIX)

Given P, T

There exists f & h s.t.

aG
r

( p0 (P0 .
T0); T0 )

= ar

( p <P, T); T

)

Zc
r

( Po (Pc Tc); Tc )
= r ( p (P, T); T )

P =P(h/0 T„ = T/f

Nisr
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Corresponding States (3)

Extended Corresponding States

T0

P0= P h/f T0= T/f

NIST 1
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Two-Fluid Helmholtz Energy Model

• Tillner-Roth: JPCRD to be submitted;

thesis-University of Hannover (1993)

• Lemon: thesis-University of Idaho (1996)
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Status of Models-Future Work

• Reasonable agreement with existing data:

solid-liquid-vapor boundary to critical locus

vapor and liquid to 40 MPa
VLE uncertainties about ±0.01 in x and y
density uncertainties about ±0.5%
enthalpy uncertainties about ±250 J/mol

• Must compare and re-optimize to new data

NIST; Delaware; Russian

• Must develop usable computer codes

• Must investigate extrapolation region

• Complete ECS model approach

ISMST
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Status of Models-Future Work (2)

• Priority data needs to improve model

Supercritical region-all data

Low temperature liquid densities down SLE line

Compressed liquid densities to 40 MPa
Heat capacities in entire liquid range

PTpx for ammonia-rich mixtures 400 to 650 K
PTpy for ammonia-rich mixtures 400 to 650 K
Sound speed data throughout range

Resolve questions about critical line

Improved data for dilute ammonia mixtures

• Next generation of Helmholtz energy models

Theoretical basis

examine local composition approximation

account explicitly for polarity and association

simulation studies

advanced mixing rules

chemistry & impurities

Focus on calculational speed for design work

NIST
178



APPENDIX K.

M. McLINDEN: OVERVIEW OF EXPERIMENTAL CAPABILITIES AT
NIST
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Experimental Properties of Fluids Group

Physical and Chemical Division

National Institute of Standards and Technology

Boulder, Colorado
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Experimental Properties of Fluids Group (838.07)

Staff (+ students/guest workers) and Apparatus

o C. Holcomb/S. Outcalt (M. Thompson)

- cryogenic VLE
= air-bath VLE
- liquid-bath VLE/surface tension

o A. Laesecke (N. Kagawa, R. Hafer, D. Morris)

= low-T vibrating quartz crystal viscometer

= high-T vibrating quartz crystal viscometer

= capillary viscometer

o J. Magee (J. Blanco)

== isochoric p-V-T

- low-T C v

= high-T twin-cell C v

= total enthalpy (flow) calorimeter

o M. McLinden (N. Frederick)

-dual sinker densimeter (p-V-T)

o R. Perkins (G. Straty, T. Liiddecke)

- low-T hot-wire thermal conductivity

= high-T hot-wire thermal conductivity

(platinum and tantalum wire cells)

- light-scattering thermal diffusivity

- vibrating wire viscometer

- high-T (ammonia/water) vibrating wire viscometer

o J. Scott (B. Younglove)

= cylindrical resonator (liquid speed of sound)

- spherical resonator (vapor speed of sound)

o G. Straty/B. Butler (838.08)/H. Hanley (838.00) (C. Muzny, E. Schwarzberg)

- couette shearing cells for rheometry

(neutron scattering (at Gaithersburg reactor) and light scattering)
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Phase-Equilibria Apparatus

bubble point pressure

coexisting liquid and vapor densities and compositions

o Principles of operation

= vapor-liquid equilibria cell (volume =150 cm3
)

= circulation of liquid and vapor

for mixing

through vibrating tube densimeters

through GC sampling valve

—or

—

capillary sampling

= surface tension (under development)

differential pressure method

o Temperature range: 218 - 425 K (liquid bath)

o Pressure range: < 14 MPa

o Materials: 316SS, sapphire, 440SS,

graphite-reinforced PTFE seal
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VLE Apparatus
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Twin-Cell Adiabatic Calorimeter

isochoric (constant volume) heat capacity Cv

o Principle of operation

= twin bombs of identical construction and

surroundings

= ramp temperature of sample + spherical bomb
(~2K/hr)

= adiabatic method

= measure heat input to sample and reference bombs

o Temperature range: 250 - 523 K (furnace)

(liquids and dense gases)

o Pressure range: < 20 MPa

o Materials: Inconel 718, 316SS

° Cy T
fdS_

\

IdTy v
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Total Enthalpy (Flow) Calorimeter

enthalpy difference

o Principle of operation

= precondition fluid to desired temperature

= measure heat (or cooling) required to bring outlet

flow to Treference = 298.15 K
= flow controlled by precision syringe pumps

= flow rate measured by direct weighing

o Temperature range: 250 - 523 K (furnace)

(liquids and dense gases)

o Pressure range: < 20 MPa

o Material: 316SS
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Flow Calorimeter

Preheater Section]

. Inlet Thermistor Feedthrough

Preheater Cylinder

Sample Outlet

to weighing cell

Outlet Thermistor

Location ( in tube
)

I
Calorimeter Section

[

Sample Inlet

from Syringe

Pump

•

Thermostated Aluminum Cylinder! V“ - /.;

( maintamed at Tref = 298.15 K ?!!':

to Vacuum

Trim Heaters

Inlet Thermistor

Location ( in tube )

Radiation Shield

Sandwiched Disks

Matching Heater

Peltier Module

25r “-.-v
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High-Temperature Transient Hot-Wire Cell

thermal conductivity, thermal diffusivity

o Principle of operation

- electrically heated wire approximates line heat

source and also serves as resistance thermometer

== measure temperature rise as /(t)

slope related to thermal conductivity

intercept related to thermal diffusivity

o Temperature range: 223 - 523 K (furnace)

o Pressure range: ~0.1 - 70 MPa (liquids and gases)

o Wire materials (and diameters):

bare: platinum (12 pm)
tungsten (4 pm)

insulated: anodized tantalum (25 pm)
polyimide-coated platinum (12 pm)

o Cell materials: Hastelloy C, 316SS
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Vibrating-Wire Viscometer

viscosity

(under development; expected completion late 1996)

(future provision for density)

o Principle of operation

= vibration damping of tensioned wire gives viscosity

= resonant frequency of tensioned wire gives density

o Temperature range: 80 - 500 K (cryostat)

o Pressure range: < 70 MPa

o Materials: 316SS, 440SS, sapphire, A1203 ceramic,

tungsten (wire), Sm-Co (magnets)

(must plate magnets to measure NH3/H2O)
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High-Temperature Vibrating-Wire Viscometer

viscosity

(under development; expected completion late 1996)

o Designed for ammonia/water

o Principle of operation

= vibration damping of tensioned wire

o Temperature range: 300 - 700 K (furnace)

o Pressure range: < 70 MPa

o Materials: 316SS, sapphire, ADO3 ceramic
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High-Temperature Burnett Apparatus

pressure-volume-temperature (PVT) relations

(presently inactive)

o Principle of operation

= determine sample quantity by expansions

(no need to calibrate sample volume)

= measure P, T along isochores

density from expansion information

o Temperature range: 300 - 873 K (furnace)

(dilute and dense gases)

o Pressure range: < 35 MPa

o Material: 316SS
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Mixture Preparation Facility

o Principle of operation

- gravimetric preparation from pure (research grade)

components

= prepare, store, and transfer in single phase

o Major components—vapor mixture facility

= aluminum cylinders up to 16 L
= high-vacuum system for evacuating bottles

=> charging manifold

= double-pan balance (25 kg x 0.005 g)

= typical composition accuracy ±0.00005 mass frac

o Major components—liquid (NH3/H2O) mixture facility

= diaphragm cells (100 cm3 capacity)

~ charging pumps and manifold

= double-pan balance (25 kg x 0.005 g)

- typical composition accuracy ±0.0002 mass frac
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Possibilities for Extended Capabilities

o Apparatus modifications to lower/higher temperatures

= Total enthalpy calorimeter to 700 K
=> Twin-cell calorimeter to 700 K
= Transient hot-wire cell 80 K to 700 K

o Restart high-temperature Burnette apparatus

o New apparatus
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APPENDIX L.

W. M. HAYNES AND D. FRIEND: SUMMARY OF RESEARCH
FACILITIES AND CAPABILITIES FOR AMMONIA/WATER

PROPERTIES
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Summary of Experimental

Research Facilities with Possible

Capabilities for Ammonia/Water
Mixtures

• UNITED STATES
NIST

University of Delaware (Woods)

Texas A&M (Holste)

Cornell University (Zollweg and

Streett)

Colorado School of Mines (Yesavage,

Sloan)

Wiltec Research (Wilson)

Oak Ridge National Laboratory

(Palmer, Zaltash)

Fluor Daniel, Inc. (Won)

NIST
... .
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• CANADA
Memorial University of

Newfoundland (Tremaine)

University of Calgary (Heidemann)

• GERMANY
University of Hannover (Baehr,

Tillner-Roth, Harms-Watzenberg)

University of Karlsruhe (Franck, Bier)

University of Kaiserslautern (Maurer)

• GREAT BRITAIN

National Engineering Laboratory

(Watson)

Imperial College (Wakeham)
University of Bristol (Wormald)

iviisr
— — , , -

. ... —l
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• JAPAN
Keio University (Uematsu)

• RUSSIA (former Soviet Union)

Russian Academy of Sciences

(Zharov, Yaroslavtsev, etc.)

Dagestan Scientific Center

(Abdulagatov)

Moscow Power Institute

(Alexandrov)

• NETHERLANDS
University of Delft (deLoos, Peters,

de Swaan Arons)

injist
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• FRANCE
Ecole Nat. Sup. des Mines, Paris

(Renon)

• SWEDEN
Royal Inst. Technology (Svedberg)

• Other Laboratories ???

INJIST
1 1 - -

1 — - -I
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